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Introduction
Second messenger signaling is highly dynamic and often involves distinct temporal patterns and spatial compartmentalization, which help to achieve efficiency and Another method, particularly useful for recording sub-plasma membrane cAMP dynamics, is based on protein translocation as a readout (14) . Like the early versions of the FRET biosensors (4, 5), it takes advantage of the fact that the regulatory and catalytic subunits of PKA dissociate following binding of cAMP to the regulatory subunit. By targeting the regulatory subunit to the plasma membrane, the holoenzyme becomes located at the membrane under basal conditions (14). As the sub-membrane cAMP concentration increases the holoenzyme dissociates and the change in localization of the catalytic subunit can be monitored with fluorescence microscopy simply as a change in localization. This translocation causes a signal change that is much larger than the simultaneously occurring loss of FRET.
We have generated such a translocation sensor with a modified PKA RIIβ regulatory subunit, similar to that in the original genetically encoded FRET-based sensor. The regulatory subunits of PKA dimerize and in addition, subunits of the RII type are often targeted to A-kinase anchoring proteins (AKAPs) by interactions with their Nterminal region (15). To avoid mistargeting of the sensor, ninety amino acid residues, including both the AKAP-binding and the dimerization regions, were deleted. Cyan fluorescent protein (CFP) was added to the C-terminus (see Note 1) and the fluorescent protein was in turn extended by a C-terminal polybasic stretch and a CAAX-motif from K-Ras (see Note 2). The CAAX-motif becomes posttranslationally farnesylated and this lipid modification together with the basic amino acid residues targets the protein to the plasma membrane (Fig 1) . The PKA catalytic subunit Cα was used in its full length wildtype form and tagged with a yellow fluorescent protein (YFP) at its C-terminus (see Note 3).
The localization of the reporter can be visualized with confocal microscopy, with which the translocation of the fluorescent Cα subunit can be detected either as changes in membrane or cytoplasmic fluorescence (Fig 2) . However, a better approach is to use total internal reflection fluorescence (TIRF) microscopy, which selectively illuminates a volume within <100 nm of the plasma membrane that adheres to the coverslip (16). The translocation of the catalytic subunit will then be observed as changes in fluorescence intensity in the cell footprint and can easily be detected without complicated image analysis to define sub-cellular structures ( Fig   3A) . The regulatory subunit of the reporter is constitutively present in the membrane and can therefore be used as a reference to obtain a ratiometric readout of the signal.
If there is no need for high spatial resolution, translocation can be recorded from many cells at the same time using a low magnification TIRF imaging setup (Fig 3B) .
The translocation reporter for cAMP has been used to detect sub-membrane cAMP signals in insulin-secreting β-cells. For example, the technique allowed the demonstration that activation of the receptors for glucagon and glucagon-like peptide-1 (GLP-1), which are linked via Gαs to adenylate cyclases, not only evoked a rise of cAMP but that there were pronounced oscillations of the sub-membrane cAMP concentration (14) (Fig 4) . These dynamic changes were not unique to receptor stimuli and it was also discovered that glucose, the major stimulator of insulin secretion from β-cells, evoked cAMP oscillations (17). Glucose exerts its action after uptake and metabolism in the β-cell. 4. Equipment for buffer superfusion and thermoregulation (see Note 10).
Methods

Preparation of poly-L-lysine coated coverslips
1. Wash the coverslips in deionized water and sterilize in a heat incubator (180 °C) or by dipping them into 95% ethanol and passing through the flame of a Bunsen burner.
Place each sterile coverslip in a 35 mm diameter culture dish. manufacturers. An alternative TIRF configuration uses a prism for illumination, which has the advantage of allowing imaging with a low magnification (10-20x) objective to obtain information from many cells in parallel (Fig. 3B) . The authors use a custom-built system, but commercial illuminators are available from e.g. TIRF Labs
Inc (Cary, NC). 10. It may be critical to maintain a temperature of 37 °C during an experiment as well as to add and remove test substances. We use a peristaltic pump in combination with a custom-built superfusion chamber, chamber heater and microscope objective heater.
Similar equipment is available from e.g. Warner Instruments (Hamden, CT).
11. As an alternative to poly-L-lysine, coverslips can be coated with collagen, fibronectin or laminin.
12. This protocol typically yields 30% transfection efficiency 1 day after transfection.
The protocol is optimized for insulin-secreting MIN6 β-cells, and may have to be 14. Do not allow cells to express the biosensor protein for more than 24 h, since excessive levels of the fusion proteins may affect cell function. This is because the cAMP-binding part of the reporter may buffer cAMP changes and the catalytic subunit remains catalytically active. We have tried to generate a kinase-dead mutant, but unfortunately the mutation somehow affected the ability of the protein to interact with the membrane-localized regulatory subunit.
15. Although cells can be stimulated by adding medium into the bath with a pipette, it is preferable to add medium using a superfusion system. Such a system not only permits convenient washout of the stimulus, but also eliminates problems with evaporation that otherwise would occur, since the ambient temperature in many cases should be maintained at 37 °C to observe normal physiological responses. 22. The mCherry fluorophore is excited by 561 nm laser light and emission is collected through a 584-nm long-pass filter (available from e.g. Semrock).
Simultaneous recordings of mCherry, CFP and YFP fluorescence is difficult on most confocal or TIRF microscopy setups due to lack of suitable diochroic mirrors.
Therefore, changes in cAMP will be non-ratiometrically recorded simply as changes in plasma membrane YFP fluorescence while the distribution of mCherry-Epac2 are recorded in parallel. Fluorescence from the CFP-tagged regulatory subunit anchored to the plasma membrane will not be recorded, precluding ratiometric measurements.
Alternation between the mCherry and cAMP translocation reporter emission filters using a filter wheel or similar device allows simultaneous measurements of mCherry fluorescence and cAMP dynamics in the same cell. 
